A process-based corn simulation model (MaizSim) ater acts as both a solvent for life-sustaining chemicals and as a structural component to provide form to a living organism. A common constraint to plant growth in agricultural ecosystems is lack of water. In order to accurately predict growth and yield of a plant under drought stress, a computer crop simulation model must be able to realistically quantify the reactions of different physiological processes to varying water status.
to describe stomatal opening/closure mechanistically. The stomatal conductance models proposed by Ball et al. (1987) and Leuning (1995) are able to describe the dependence of stomatal conductance on net carbon assimilation, relative humidity, and leaf internal CO 2 concentration. These models have been widely accepted and applied (Aphalo and Jarvis, 1993; Dang et al., 1998; Lhomme et al., 1998) . However, since the effect of soil water stress on stomatal conductance is not explicitly included in this type of model, there are often difficulties in simulating the change in stomatal conductance in a wide range of soil water regimes (Gao et al., 2002) .
As demonstrated by Tuzet et al. (2003) , simulation of stomatal conductance must be incorporated into a comprehensive model of photosynthesis, leaf energy balance, and water flow from soil through the plant to the atmosphere. To adopt this approach, the mechanism through which stomatal conductance is linked to varying soil water status has to be addressed. Hydraulic signals have been documented in response to wounding at the leaf level (Malone and Stankovic, 1991; Jones, 1998) or in affecting stomatal width as a function of cell turgor (Cowan, 1977; Wei et al., 1999) . It has also been reported that closure of stomata of Zea mays (Hirasawa and Hsiao, 1999; Grams et al., 2007) and bell pepper plants (Yao et al., 2001 ) was induced by hydraulic signals. Williams et al. (1996) , Gao et al. (2002) , and Jensen et al. (2000) simulated stomatal conductance as a direct function of soil water potential. Buckley and Mott (2002) and Leuning et al. (2003) suggested that leaf water potential controls stomatal conductance. Tuzet et al. (2003) proposed a model that coupled stomatal conductance, photosynthesis, leaf energy balance, and transport of water through the soil-plantatmosphere continuum. In the model, leaf water potential, W which was a function of soil water potential, controlled the closure of stomata under drought stress. However, as indicated by the authors, the model was not yet validated by experimental evidence, and the model did not separate the canopy into sunlit/shaded leaves, nor did the model consider the development of a crop under drought stress. Furthermore, it used a single, homogeneous soil layer with a uniform root distribution.
A process-based corn simulation model (MaizSim) has been developed by the USDA-ARS Crop System and Global Change Laboratory (CSGCL) at Beltsville, Maryland, to simulate corn growth and development as a function of key environmental variables. The model adopts the biochemical C 4 photosynthesis model (Von Caemmerer, 2000) and the BWB paradigm of stomatal conductance (Ball et al., 1987) to simulate stomatal conductance, photosynthesis, and transpiration of a corn plant. The BWB stomatal conductance module in the model does not incorporate a mechanism for the physiological control involved in root-shoot signaling under drought stress. Therefore, research is needed to improve the model's ability to simulate transpiration and photosynthesis of corn under drought stress. The 2DSOIL model is a modular, comprehensive two-dimensional soil simulator that is specifically designed to be combined with existing plant models (Timlin et al., 1996) . Modules of 2DSOIL can simulate water, solute, heat, and gas movement, as well as root activity of plants in a two-dimensional soil profile that is partitioned into multiple layers. Coupling the MaizSim model with 2DSOIL provides a soil-plant-atmosphere continuum system that possesses the potential of taking into account the information of dynamic soil water status in simulating corn transpiration and photosynthesis.
The objectives of this study are: (1) to construct a coupled MaizSim+2DSOIL model that is capable of simulating changes in soil moisture levels and the transpiration and photosynthesis of corn plants under varying soil water status, and (2) to evaluate the performance of the coupled model by comparing the simulated transpiration and photosynthesis with those measured from corn plants under different soil water regimes.
MATERIALS AND METHODS

THE MODEL
The new model is constructed by coupling MaizSim with 2DSOIL, a two-dimensional finite element model describing water flow and heat transport. In the coupled model, MaizSim is responsible for simulating the potential transpiration demand as a function of light, temperature, humidity, CO 2 , and wind velocity, while 2DSOIL determines actual water uptake rate in respond to the transpiration demand and soil water content ( fig. 1) .
In MaizSim, canopy transpiration and photosynthesis are simulated using the sun/shade method, which splits the bigleaf model into sunlit and shaded fractions (De Pury and Farquhar, 1997) . The sun/shade model divides the canopy into sunlit and shaded fractions and models each fraction separately with a single-layer model. The sun/shade approach is able to incorporate canopy features such as the penetration of beam irradiance, its variation through the day, and the range of leaf angles in a canopy of uniform leaf angle distribution. Since the sunlit and shaded leaf fractions change during the day with solar elevation, the irradiance absorbed by the sunlit and shaded leaf fractions changes, too (De Pury and Farquhar, 1997; Mercado et al., 2006) .
At the leaf level, the biochemical model of C 4 photosynthesis by Von Caemmerer (2000) , the BWB stomatal conductance model and its variation that simulates stomatal closure in relation to soil drying, and an energy balance model (Kim and Lieth, 2003) are combined together to simulate leaf transpiration and photosynthesis (see Appendix A). The coupled model uses daily weather data (radiation, max-min temperature, and mean relative humidity) as input but scales the data to an hourly time interval (Timlin et al., 2002) .
Leaf stomatal conductance is simulated with the BWB model and a variant of the BWB model that incorporates stomatal closure mechanism into the BWB model. Figure 2 describes the interaction among environmental variables and stomatal conductance simulated by the original BWB model and the modified BWB model. ( )
where g 0 is minimum stomatal conductance to water vapor at the light compensation point in the BWB model (= 0.0960 mol m -2 s -1 ; Kim and Lieth, 2003) ; A is net CO 2 assimilation rate (mmol m -2 s -1 ); m is an empirical coefficient for the sensitivity of g s to A, C s and h s ; C s is CO 2 partial pressure at the leaf surface (mbar); and h s is relative humidity at the leaf surface (Collatz et al., 1991) .
Function f(y) in the model describes the stomatal closure controlling mechanism in regard to leaf water status. The function can take different forms. In the original BWB model, since stomatal conductance is not controlled through any hydraulic signals (the "no-control" algorithm), f(y) = 1. When it is assumed that stomatal closure is mainly controlled by hydraulic signal (the "control-by-psil" algorithm), the function can take the following form :
where y l is bulk leaf water potential, y f is a reference potential (= -1.2 MPa), and s f is a sensitivity parameter (= 2.3) . Performance of the coupled models with and without stomatal controlling mechanisms will be evaluated by comparing the simulated and measured transpiration and photosynthesis rates of corn plants under contrasting soil water content. After the transpiration demand is determined by MaizSim, the water uptake and root growth module, developed by Acock and Trent (1991) for soybean and adopted into 2DSOIL, calculates the bulk leaf water potential necessary to satisfy the transpiration demand at the current soil moisture level. The water uptake and root growth module in Acock and Trent (1991) applied the general principles of osmotic adjustment and water diffusion in simulating root water uptake. Because of the generality of the principles, the functions can be used in simulations for other crops (Timlin et al., 1996) .The actual soil-to-leaf water uptake is then described as an Ohm's law analog:
where y s is soil water potential, R sr is soil to root hydraulic resistance, R r is root hydraulic resistance, and R z is xylem hydraulic resistance. Values and calculations of R sr and R r followed Timlin et al. (1996) , and R z is assumed to be a constant (= 0.149e3 m 2 s MPa/mol H 2 O; Dewar, 2002) .
EXPERIMENT
The measured data used for analysis in this article were acquired from an unpublished experiment in which corn response to CO 2 enrichment and drought was studied. The experiment was conducted in naturally sunlit, controlled environment Soil-Plant-Atmosphere-Research (SPAR) chambers at the Beltsville Agricultural Research Center, Beltsville, Maryland (Kim et al., 2006) . The physical configuration of these chambers and methods of environmental control have been described by Baker et al. (2004) . In the original BWB model, g s is assumed to be a function only of atmospheric environmental conditions and photosynthesis rate. In the BWB model modified by the control-by-psil algorithm, stomatal conductance is also a function of leaf water potential, which is hydraulically linked to soil water status. Therefore, stomatal conductance in the modified BWB model is also affected by soil moisture level. The "+" and "-" symbols indicate a process that is positively or negatively affected by the changes in environmental conditions or in another process.
Maize plants (Zea mays L. cv. Pioneer hybrid 34N43) were grown on a mixture of sterilized sand and vermiculite (1:1 by volume). Maize seed was sown on 28 May 2004. The initial plant density was 36 plants m -2 . The plants were thinned for destructive harvests over a period of two weeks beginning when the plants were at V-4. The final plant density in each chamber was maintained at 12 plant m -2 from about V-5 or V-6 onward. Transpiration and photosynthesis rates of all the plants in a chamber were measured and recorded. Since the simulated transpiration and photosynthesis rates were those of a single plant, the measured data were scaled by the number of plants in the chamber to make sure that the measured data and simulation were comparable.
Data from three chambers with different water supply regimes were chosen for analysis. In all three chambers, photosynthetically active radiation (PAR) levels inside and outside the chambers were measured with quantum sensors (LI-190SB, LI-COR, Inc., Lincoln, Neb.). The atmospheric CO 2 level was controlled at 370 mmol mol -1 during daytime.
During the experiment, air temperature inside the chambers was set to 27°C/27°C (day/night) early in the experiment. When plants grew to stage V16 to V17, air temperature was set to 27°C/16°C. The water supply treatment of each chamber was not altered during the experiment. Constant horizontal wind speed of 1.5 m s -1 was maintained in all chambers. Relative humidity inside the chambers was monitored but not controlled. Irrigation was provided by drippers arranged in three 2.0 m rows with an approximate spacing between rows of 0.20 m. Irrigation was varied in each of the chamber. The fully irrigated treatment was irrigated to fully replace water lost by evapotranspiration (ET). The "50%" treatment was fully irrigated until 39 days after emergence (DAE), and then irrigation was withheld. Irrigation in the "25%" treatment chamber was withheld for most of the time from the beginning of the experiment; when the plants were re-irrigated, the irrigation rates were lower than in the control chamber ( fig.Ă3 ). For each chamber, soil volumetric water content was recorded by fifteen TDR waveguides installed at five depths, replicated at three horizontal positions (Timlin et al., 2007) . Water uptake was calculated from the TDR measurements by multiplying the volume of soil by water content and summing over the layers. Condensate was collected from the cooling coils of each chamber and weighed every 15 min (Timlin et al., 2007; Baker et al., 2004) . This condensate was assumed to represent whole-canopy transpiration.
The CO 2 concentration of the air of each chamber was measured continuously with a dedicated infrared gas analyzer (LI-6252, LI-COR, Inc., Lincoln, Neb.). Medical-grade CO 2 from a compressed gas cylinder was used as the CO 2 supply source. Mass flow controllers (FMA-766-V-CO2, Omega Engineering, Inc. Stanford, Conn.) were used to regulate the injection rates of CO 2 with a feed-forward, feed-back proportional-integral-dif ferential (PID) control algorithm. Canopy CO 2 exchange rates (CER) were calculated from mass balance equations and averaged and recorded every 5 min. Chamber CO 2 leakage rates were also determined daily using a N 2 O drawdown method (Baker et al., 2004 ). The leakage rates were then used to correct CER for chamber leakage. From measured CER and chamber leakage rate, gross photosynthesis rates were calculated with the method described by Fleisher et al. (2006) . Other environmental conditions, including relative humidity of the air, maximum/ minimum temperature during the day, and wind velocity, were also measured. The soil hydraulic properties for the soils (van Genuchten, 1980) in all the chambers were fit from simulations during the first 30 days for the well irrigated chamber.
Diurnal and daily total canopy transpiration and photosynthesis rates were calculated from both measured and simulated data. To evaluate the performance of the coupled model with different stomatal controlling algorithms in simulating the transpiration and photosynthesis rate of the plants under different water treatments, measured leaf area index (LAI) values were applied in the simulations. The coefficient of correlation between simulation and measurements, the root mean square error (RMSE), and the relative error (RE) of the simulations were calculated:
RESULTS
TRENDS IN SOIL WATER CONTENT
The total irrigation for the season was 925, 530, and 200Ămm, respectively, in the fully irrigated, 50% treatment, and 25% treatment chamber ( fig. 3d ). Difference in irrigation treatment resulted in different soil moisture status in the SPAR chambers (fig. 4) . The coupled soil-plant-atmosphere model was able to simulate these differences and the general trend in soil moisture status ( fig. 4) . For the fully irrigated treatment ( fig. 4a) , the simulated water content at 5 to 30 cm started between 0.1 and 0.2 cm 3 cm -3 and quickly stabilized around 0.25 cm 3 cm -3 by DAE 10. The simulated water contents at 50 and 75 cm were maintained relatively stable around 0.3 and 0.4 cm 3 cm -3 , respectively. The fluctuation in water content at 5 to 30 cm between DAE 20 and DAE 21, the decrease in water content at all depths from DAE 35 to DAE 40, and the increase in water content at all depths between DAE 40 to DAE 45 were all simulated by the model. The Pearson correlation coefficient (r) between measurement and simulation was 0.77, and the RMSE was 0.037. For the 50% treatment, simulated water content was between 0.2 and 0.3 cm 3 cm -3 at 5 to 50 cm and 0.4 cm 3 cm -3 at 75 cm until DAE 39. After DAE 39, simulated water content at all depths decreased continuously. At the end of simulation, water contents at depths of 5 to 30 cm, 50 cm, and 75 cm were around 0.1, 0.12, and 0.15 cm 3 cm -3 , respectively. The fluctuation in water content caused by irrigation between DAE 20 to 23 and DAE 60 to 61 was well predicted by the model (fig. 4b) . The Pearson correlation coefficient (r) between measurement and simulation and RMSE of the simulation for this treatment were 0.95 and 0.066, respectively. Simulated water content for the 25% treatment decreased at all depths from the beginning of simulation. At the end of simulation, water contents at all depths were lower than 0.15 cm 3 cm -3 . The fluctuation in water content caused by irrigation and water uptake at 5 cm was simulated by the model throughout the experiment ( fig. 4c ). Values of correlation coefficient and RMSE were 0.93 and 0.054, respectively, for this treatment.
TRENDS IN TRANSPIRATION AND PHOTOSYNTHESIS
The coupled model was able to simulate the diurnal change in transpiration under different irrigation treatments. The measured diurnal changes in transpiration also reflected the difference in irrigation treatments. For the fully irrigated chamber, the model with and without a control algorithm simulated the diurnal change in transpiration equally well on DAE 30 (RMSE = 0.13) and DAE 56 (RMSE = 0.16) (figs.Ă5a and 5b). For the 50% treatment chamber, simulations with the two algorithms were identical and agreed with the measurement well on DAE 30 ( fig. 5c , RMSE = 0.15). On DAE 56, simulations with the control-by-psil algorithm agreed with the measurements better than the no-control algorithm Measured daily transpiration and photosynthesis throughout the experiment from each chamber also reflected the difference in irrigation treatments (figs. 6a through 6f), and the coupled MaizSim+2DSOIL model was able to simulate the general trend in the change of daily transpiration rate of plants under different irrigation treatments (figs. 6a through 6c). For the drought-stress treatment chambers, the model with the control-by-psil algorithm simulated the transpiration measurement better than the model with the no-control algorithm. As the drought stress became more severe, the improvement in simulation by the control-by-psil algorithm was more obvious (table 1) .
When simulating the transpiration rate in the fully irrigated chamber, results by both algorithms agreed with the measurements well ( fig. 6a) . The simulated transpiration rates increased steadily and reached 44 mol H 2 O plant -1 day -1 by DAE 35. Afterward, simulated transpiration was maintained between 35 and 50 mol H 2 O plant -1 day -1 most of the time until the end of the simulation, except for a couple of days during which there were low light levels (i.e., DAE 33 and 54).
When simulating the ET rate for the 50% treatment, the simulations with the control-by-psil algorithm were closer to the measurements than the no-control approach ( fig. 6b ). Both the RMSE and RE of the control-by-psil algorithm were lower (table 1). Figure 6b shows that, from DAE 1 to DAE 35, there were no obvious differences between transpiration simulated by the two approaches, and both approaches followed the general trend of increasing in transpiration quite well, although both slightly underestimated transpiration from DAE 1 to DAE 20 and overestimated the transpiration rate from DAE 20 to DAE 35. The plateau in transpiration rates and later decrease were well simulated by the model with either approach. Also worth noting was that from DAE 43 to DAE 58 (when the irrigation was withheld), the transpiration rates simulated with the control-by-psil algorithm were slightly lower than those simulated with no-control and closer to the measurements. For the 25% treatment chamber, the simulated ET rates were lower than the simulations of the fully irrigated chamber throughout the experiment. The coupled model with either approach was also able to reproduce the general trend in the measurement (fig. 6c) . The RE values (table 1) show that the model did not perform as well as it did in the treatments receiving full irrigation, but was comparable with the simulation for the 50% treatment. The control-by-psil algorithm was better than the no-control approach, judging by the lower RMSE. From figure 6c it can be observed that the ET rate simulated with the control-by-psil algorithm was lower than the simulations using no-control and was closer to the measurements most of the time during the experiment. After DAE 50, when the plants were re-irrigated, there were no obvious differences among simulated ET rates.
The coupled model was also able to simulate the general trend in photosynthesis rates under the contrasting water regimes. For the fully irrigated treatment ( fig. 6d) , the simulated photosynthesis rate increased steadily to 270 mmol CO 2 plant -1 day -1 on DAE 35 and was maintained between 150 and 350 mmol CO 2 plant -1 day -1 until the end of the simulation. Figure 6d also shows that there were no differences in the simulations between the photosynthesis rates simulated with different stomatal control algorithms.
For the 50% treatment, the simulated photosynthesis rates followed the measurements and increased to 250 mmol CO 2 plant -1 day -1 by DAE 35. Between DAE 36 and DAE 50, the measured photosynthesis rate fluctuated between 150 and 350 mmol CO 2 plant -1 day -1 , and the model was able to sim- ulate this plateau. After DAE 50, both the measured and the simulated photosynthesis rates decreased steadily. However, from DAE 60 to DAE 70, the simulations did not decrease as steadily as the measurements, so simulations in the last several days overestimated the photosynthesis rate. Like the simulation in the fully irrigated chamber, no differences were observed among the simulations with different control mechanisms. For the 25% treatment, the coupled model was able to simulate the general trend, increasing to 260 mmol CO 2 plant -1 day -1 by DAE 35, maintaining around 130 to 310 mmol CO 2 plant -1 day -1 between DAE 36 and DAE 50, and then decreased steadily to 100 mmol CO 2 plant -1 day -1 at the end of simulation. From DAE 51 to DAE 65, the simulations overestimated the measured photosynthesis rate by an average of 144.3 mmol CO 2 plant -1 day -1 . Simulations with both algorithms were identical.
The RMSE and RE of the photosynthesis simulations are listed in table 2. Values in the table show that the simulations of photosynthesis using the model with both stomatal control algorithms were identical under different water regimes.
DISCUSSION
In the coupled model, the simulated transpiration rates were not only determined by atmospheric demand (figs. 1 and 2), but also by soil water content and stomatal conductance. When stomatal closure was linked to soil water status, stomatal conductance was reduced as the amount of soil water was reduced. The lower stomatal conductance resulted in a reduced transpiration rate. The lowered transpiration rate helped to maintain leaf water potential, so the leaf water potential simulated with a controlling algorithm was higher than that simulated without a controlling algorithm (Tardieu and Simonneau, 1998) .
For the fully irrigated chamber, the soil water content was consistently maintained at high levels during the experiment, so the stomatal conductance simulated with the control-bypsil algorithm was very close to that simulated with the nocontrol approach. Because transpiration demand and amount of irrigation water were also the same for both approaches in the simulations, the diurnal change and daily transpiration rates simulated with the different algorithms were very similar to each other.
For the 50% treatment, water was not withheld until DAE 39. Up to this day, soil water content was kept at similar level to those of the fully irrigated treatment. Therefore, the simulated leaf water potential and stomatal conductance, and the measured and simulated transpiration rates, were similar to those of the fully irrigated treatment. After irrigation was withheld, soil water content decreased more than 40% from DAE 47 to DAE 51 ( fig. 4b) . The simulated leaf water potential decreased during the same period. Figure 7 also shows that as drought stress developed, the stomatal conductance simulated with the control-by-psil algorithm became lower than that simulated with the no-control algorithm ( fig. 7a) , resulting in lower transpiration demand under the same atmospheric condition (fig. 7b) . The lower transpiration demand helped to maintain the smaller drop in leaf water potential than that simulated without control ( fig. 7a ) and ultimately a lower simulated transpiration rate, which was closer to the observation. This explains why the control-by-psil algorithm performed better than the no-control algorithm in simulating transpiration when drought stress developed.
For the 25% treatment chamber, the soil water content decreased continuously (fig. 4) . The leaf water potential simulated with no stomatal control was driven lower by the decreasing soil moisture and the increasing transpiration demand as the plant developed. On DAE 26, the leaf water potential simulated with no control reached -1.2 MPa (fig. 8a) . The simulated leaf water potential with the control-by-psil algorithm also decreased continuously. The decreased leaf water potential resulted in lower stomatal conductance, so the transpiration demand became lower than that simulated using no control ( fig. 8b ). The leaf water potential needed to satisfy the lowered ET demand therefore was not as low as that simulated with no stomatal control.
In the simulations, the reference leaf water potential in the control-by-psil algorithm was set to -1.2 MPa . Therefore, any leaf water potential lower than this value will result in a much lower stomatal conductance value than that simulated with the no-control approach. Depending on the sensitivity of stomata to leaf water potential, the reference leaf water potential ranges from -1.2 to -2.6 MPa (Henson et al., 1989; Leuning et al., 2003) . A lower reference value means that the plant is more tolerant of water stress. Ac- cording to Tuzet et al. (2003) , corn, as an "isohydric" plant, should have high stomatal sensitivity to leaf water potential. Using different reference values in the control-by-psil algorithm enabled the stomatal conductance model to explain the behavior of stomata in terms of stomatal sensitivity to leaf water potential, without explicatively invoking hormonal control.
Water stress in corn results in smaller leaves and early leaf senescence (Boyer, 1970; Tanguilig et al., 1987; Granier and Tardieu, 1999) . Smaller leaf area means less intercepted light, and thus lower transpiration demand. At the end of the experiment, severe drought stress caused leaf rolling, drooping, and wilting, which was not accounted for in the measured leaf area index (LAI). This may have been one of the main reasons the model overestimated transpiration and photosynthesis late in the season for both the 50% and 25% treatments.
The model also overestimated photosynthesis rate late in the experiment (figs. 6d through 6f). Considering that transpiration was also overestimated in this period, it may be concluded that the model overestimated light interception. Further studies should be conducted to search for better ways to quantitatively describe the effect of leaf rolling, drooping, and wilting on light interception, transpiration, and photosynthesis.
We also observed that the simulated photosynthesis was not as sensitive to the decrease in stomatal conductance as the simulated transpiration. This was a direct result of the way the stomatal conductance and photosynthesis modules in the model were solved to determine stomatal conductance as well as photosynthesis. Because of the complexity of the functions in the modules, a numerical methodology was adopted to search for the value of internal CO 2 concentration (C i ) in the modules iteratively. During the numerical search, a C i value was determined at the point where the CO 2 supply rate (the CO 2 supply line in fig. 9 ) equaled the CO 2 demand rate (the A/C i curve in fig. 9 ). In this study, it was noted that the value of the simulated C i in the C 4 photosynthesis model was mostly kept above 150 mbar. The simulated photosynthesis rates were therefore at the horizontal portion of the A/Ci curve ( fig. 9) , and thus the changes in the stomatal conductance did not have strong effects on the simulated CO 2 assimilation rate. This insensitivity of photosynthesis to decrease in stomatal conductance agrees with finding by Barradas and Jones (1996) and Jones (1998) . Pachepsky and Acock (1996) and Parkhurst (1994) also reported that low stomatal conductance reduces water loss more than it reduces CO 2 uptake. Ferreyra et al. (2003) explained this phenomenon by the nonlinear relationship between the reactions of transpiration and photosynthesis to reducing stomatal conductance.
CONCLUSION
A soil-plant-atmosphere continuum model was constructed by coupling a corn model (MaizSim) and the 2DSOIL model in the effort to simulate transpiration and photosynthesis of corn under drought stress. A stomatal controlling algorithm (control-by-psil) was implemented in the coupled model and compared to a no-control approach. Transpiration and photosynthesis simulations were compared with measurements of corn plants under contrasting irrigation treatments.
The coupled model was able to simulate the changes in soil moisture level and the changes in transpiration and photosynthesis of corn plants under different water treatment regimes. The coupled model with a stomatal controlling mechanism performed better than that without stomatal control in simulating transpiration of corn plants on drying soil. When plants were well watered or under minor water stress, the improvement in simulation performance was not very significant. However, as water stress becomes more severe, the improvement became more obvious.
It was also observed that the simulated photosynthesis rates were not as sensitive to stomatal closure as simulated transpiration. The result agreed with the different sensitivity of photosynthesis and transpiration to changes in stomatal closure that have been reported and discussed in the literature.
These results suggest that the coupled model not only is a valuable tool for studying corn transpiration and photosynthesis under drought stress, but it also provides a platform to implement and evaluate algorithms in studies of corn crop water dynamics and CO 2 assimilation.
APPENDIX A C 4 PHOTOSYNTHESIS MODEL AND SIMULATION FOR TRANSPIRATION DEMAND
In the coupled model, the net canopy photosynthesis (A) is determined using the biochemical model of C 4 photosynthesis of Von Caemmerer (2000) . In the model, CO 2 assimilation is limited either by Rubisco activity or by electron transport. Net photosynthesis is expressed as: where K p is the Michaelis-Menten constant for CO 2 of PEPC and was set to 57.0 mmol mol -1 (Pfeffer and Peisker, 1998 
where q is an empirical curvature factor (= 0.7). The transpiration demand is determined as: 
where T a is air temperature (°C), R abs is absorbed longwave and shortwave radiation per surface leaf area (W m -2 ), e is leaf thermal emissivity (= 0.97), s is the Stefan-Boltzmann constant (5.67 × 10 -8 W m -2 K -4 ), l is latent heat of vaporization at 25°C (= 44.0 J mol -1 °C -1 ), c p is specific heat of air (= 29.3 J mol -1 °C -1 ), D is vapor pressure deficit of ambient air (kPa), g h is heat conductance for the boundary layer per leaf surface area (mol m -2 s -1 ), and g r is radiative conductance per surface leaf area (mol m -2 s -1 ) (Campbell and Norman, 2000) . where g s is stomatal conductance to water vapor (mol m -2 s -1 ).
